TFIID is a general transcription factor required for transcription of most protein-coding genes by RNA polymerase II. TAF7L is an X-linked germ cell-specific paralogue of TAF7, which is a generally expressed component of TFIID. Here, we report the generation of Taf7l mutant mice by homologous recombination in embryonic stem cells by using the Cre-loxP strategy. While spermatogenesis was completed in Taf7l ؊/Y mice, the weight of Taf7l ؊/Y testis decreased and the amount of sperm in the epididymides was sharply reduced. Mutant epididymal sperm exhibited abnormal morphology, including folded tails. Sperm motility was significantly reduced, and Taf7l ؊/Y males were fertile with reduced litter size. Microarray profiling revealed that the abundance of six gene transcripts (including Fscn1) in Taf7l ؊/Y testes decreased more than twofold. In particular, FSCN1 is an F-action-bundling protein and thus may be critical for normal sperm morphology and sperm motility. Although deficiency of Taf7l may be compensated in part by Taf7, Taf7l has apparently evolved new specialized functions in the gene-selective transcription in male germ cell differentiation. Our mouse studies suggest that mutations in the human TAF7L gene might be implicated in X-linked oligozoospermia in men.
TFIID, a general transcription factor, plays a central role in transcription initiation of most protein-coding genes by RNA polymerase II. TFIID is a multiprotein complex consisting of TATA-binding protein (TBP) and 12 to 15 TBPassociated factors (TAFs) (20, 35) . The assembly of TFIID at the promoter region recruits other basal transcription factors and RNA polymerase II (2, 31) . TAFs play important roles in transcriptional regulation. Some TAFs directly interact with transcriptional activators and thus serve as coactivators. In addition, interactions between TAFs are critical for promoter recognition and selectivity by RNA polymerase II (17, 36) .
Strikingly, studies of a number of tissue-specific TAFs in Drosophila melanogaster and mouse have identified cell-typespecific transcription programs. In Drosophila melanogaster, five testis-specific homologues of widely expressed TAFs have been reported: Can (homologue of dTAF5), Nht (homologue of dTAF4), Mia (homologue of dTAF6), Sa (homologue of dTAF8), and Rye (homologue of dTAF12) (18, 19) . Null mutations in can, nht, mia, and sa result in the same male sterile phenotype, and all four genes are required for meiotic cell cycle progression and onset of spermatid differentiation (27) . In addition, Rye interacts with Nht, suggesting that these five testis-specific TAFs in Drosophila function in the same transcription regulatory pathway (18) . Mechanistically, these TAFs may counteract transcriptional repression by Polycomb group (PcG) proteins in spermatocytes (8) . In mice, TAF4B (homologue of TAF4) is highly expressed in the testis and the granulosa cells of the ovary, where it is required for follicular development (14) . Testes of TAF4B-deficient males are initially normal but undergo progressive germ cell loss, resulting in male sterility by 3 months of age (12) . In addition to tissuerestricted TAFs, TRF2 is a testis-specific homologue of TBP and is essential for spermiogenesis in mouse (28, 44) . These results, together with other studies, support the presence of tissue-specific transcription programs in regulating germ cell differentiation (23, 33) .
We have identified a testis-specific homologue of the generally expressed TAF7 in mouse, named TAF7L (30, 39) . TAF7 interacts with multiple transcription activators (9) . TAF7 also interacts with other TAFs, including TAF1 (the largest subunit of TFIID), but not with TAF10 or TBP (9, 24) . Binding of TAF7 to TAF1 inhibits the acetyltransferase activity of TAF1, which is important for the transcription of major histocompatibility complex class I genes (16) . Like TAF7 in somatic tissues, TAF7L interacts with TAF1 and is associated with TBP in testes, indicating that TAF7L is a bona fide TAF (30) . Subcellular localization of TAF7L in male germ cells is dynamic. TAF7L is cytoplasmic in spermatogonia and early spermatocytes (preleptotene, leptotene, and zygotene); however, TAF7L translocates into the nuclei of pachytene spermatocytes and round spermatids. In contrast, TAF7 is nuclear from spermatogonia to pachytene spermatocytes and appears to be absent in round spermatids. Biochemical studies indicate that TAF7L might replace TAF7 in the TFIID complex to modulate the transcription program in spermatogenesis (30) . To assess the role of TAF7L in spermatogenesis, we generated mice lacking TAF7L by gene targeting in embryonic stem (ES) cells. Here, we describe the effects of this mutation on gene transcription and production, morphology, and motility of spermatozoa.
MATERIALS AND METHODS
Disruption of the Taf7l gene. In the Taf7l targeting construct, we introduced loxP sites into the first and sixth introns (see Fig. 2A ). Using a Taf7l-containing bacterial artificial chromosome clone (RP22-415C9) as template, three DNA fragments (2 kb, 3.4 kb, and 3 kb) were amplified by high-fidelity PCR. The CMV-HyTK double-selection cassette is flanked by loxP sites and enables hygromycin-positive selection and thymidine kinase-negative selection. Three loxP sites in the final targeting construct are in the same orientation (see Fig. 2A ). The construct was sequenced, except for the HyTK cassette, and no mutations were found.
Hybrid V6.5 ES cells (C57BL/6 ϫ 129) were used for gene targeting (11) . ES cells were electroporated with the linearized Taf7l targeting construct and selected for integration in the presence of hygromycin B (120 g/ml; Invitrogen). Subsequently, 384 hygromycin-resistant ES cell colonies were screened for homologous recombination by PCR. Of the hygromycin-resistant clones, 9.4% contained the Taf7l 3lox allele. Twelve clones were subjected to Southern blot analysis and confirmed (data not shown).
Two Taf7l 3lox -positive ES cell clones were then electroporated with the pOG231 plasmid that transiently expresses Cre recombinase. Two days after electroporation, cells were passaged and then subjected to selection with ganciclovir (2 M; Sigma) for removal of the HyTK cassette. Viable colonies were picked and screened by PCR. Recombination between the HyTK-flanking loxP sites resulted in the Taf7l flox allele at a frequency of 12.5% (see Fig. 2A ).
Generation and genotyping of mice. ES cells harboring the Taf7l
flox allele were injected into BALB/c blastocysts that were subsequently transferred to uteri of pseudopregnant Swiss Webster females. The resulting male chimeras were bred with BALB/c females to obtain germ line transmission of injected ES cells. Agouti females were genotyped by PCR. Taf7l flox mice were crossed with ACTBCre transgenic mice to obtain the Taf7l Ϫ (mutant) allele (26) . The ACTB-Cre transgene was subsequently removed from Taf7l mutant mice by breeding. We backcrossed Taf7l ϩ/Ϫ mice to C57BL/6J (B6) and 129 strains for more than five generations (strain 129X1/SvJ, stock no. 000691; The Jackson Laboratory). Mice from either B6 or 129 backgrounds were used in this study. All offspring were genotyped by PCR. Wild-type (300-bp) and flox (490-bp) alleles were assayed by PCR with the primers CCATTCTTCTAAATCCCTAGC and TCG CTTGGGAACTCATCAATT. The PCR product (218 bp) of the mutant allele was amplified by PCR with the primers CCATTCTTCTAAATCCCTAGC and CATCGTGTAATTTGGGTTGAC.
Coimmunoprecipitation and Western blot analysis. Nuclear extracts from testes were prepared as previously described (30) . Extracted proteins (10 g) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the presence of TBP, TAF7, and TAF7L was revealed using monoclonal antibodies 3G3, 19TA, and 46TA as previously described (6, 30) . The filters were then reprobed with antibodies against TAF5 and TAF6 (4, 10). Immunoprecipitations were performed as previously described (30) . Briefly, 200 g of extract was immunoprecipitated with anti-TBP antibody (3G3) overnight at 4°C with 100 l of protein G-Sepharose. Beads were washed three times for 10 min at room temperature with buffer A (20% glycerol, 50 mM Tris-HCl, pH 7.9, 1 mM EDTA, 1 mM dithiothreitol, 0.1% NP-40) containing 0.5 M KCl and once with buffer A containing 0.1 M KCl. Precipitated material was eluted using a peptide against the 3G3 epitope as described previously (6) . Eluted proteins were probed on immunoblots using the antibodies described above.
EM and histology. Electron microscopy (EM) was performed at the Biomedical Imaging Core Facility at the University of Pennsylvania as previously described (42) . Cauda epididymides from 8-week-old wild-type and Taf7l Ϫ/Y mice were fixed and processed for EM. For histological analysis, testes were fixed in Bouin's solution, embedded in paraffin, sectioned, and stained with hematoxylin and eosin as described previously (32) .
Sperm count. Cauda epididymides were dissected and minced in phosphatebuffered saline solution. Sperm were squeezed out with fine forceps and allowed to disperse in phosphate-buffered saline at room temperature for 10 min, followed by repeated pipetting. Samples were fixed in 4% paraformaldehyde. Sperm were counted using a hematocytometer. Sperm counting was performed four times for each sample.
Sperm motility assay. Uncapacitated cauda epididymal sperm from wild-type and Taf7l Ϫ/Y mice were collected by placing minced cauda epididymides in Krebs-Ringer bicarbonate medium (HM) without Ca 2ϩ , bovine serum albumin, and NaHCO 3 as previously described (25) . The working "complete" medium was prepared by adding CaCl 2 (1.7 mM), pyruvate (1 mM), NaHCO 3 (25 mM), and bovine serum albumin (3 mg/ml), followed by gassing with 5% CO 2 and 95% O 2 to pH 7.3. One drop of the sperm suspension was transferred to the incubation chamber at 37°C. The incubation time for capacitation was 1 hour at 37°C in a 5% CO 2 -95% O 2 incubator. Aliquots of each sperm suspension were loaded into a 100-m-deep chamber prewarmed at 37°C (Conception Technologies). Sperm motility parameters were quantified using a computer-assisted semen analysis system running IVOS (version 12.2L; Hamilton Thorne Research). At least 400 sperm per sample were analyzed. For statistical analysis, eight motion parameters, motility, average path velocity (VAP), straight-line velocity (VSL), curvilinear velocity (VCL), amplitude of lateral head displacement, beat-cross frequency (BCF), straightness, and linearity, were examined (see Table 2 ). For statistical testing, sperm motility measurements of each parameter were pooled for each genotype and for time of observation. Considering the log-normal distribution, Student's t test for independent observations was applied to define differences between the wild type and the mutant in VAP, VSL, VCL, and BCF means (normalized by natural logarithms). For the same purpose, the nonparametric amplitude of lateral head displacement and STR distributions were tested by Friedman's analysis of variance. Statistical analyses were performed using the InStat program (GraphPad software).
Microarray analysis. Total RNA was prepared from 8-week-old testes by using TRIzol reagent (Invitrogen) and subsequently purified using an RNeasy minikit (QIAGEN). Both wild-type and Taf7l Ϫ/Y testes by using TRIzol reagent. One microgram of total RNA for each sample was converted into cDNA by reverse transcription with oligo(dT) 18 V primers and was diluted to a final volume of 200 l, 5 l of which was used in each PCR. Three replicates were used for each real-time PCR. Reverse transcriptasenegative templates served as controls. Real-time PCR was run on a LightCycler (Roche). Quantification was normalized to Actb within the log phase of the amplification curve. Spermatogenic cell populations enriched for specific germ cell types were the same as previously used, and their preparations have been described previously (41) . Each enriched population contained a small amount of developmentally adjacent germ cells. A semiquantitative RT-PCR technique was used as previously described (41) . Briefly, 70 ng of poly(A) ϩ RNA was used for reverse transcription primed with oligo(dT) 18 V in a 25-l reaction mixture. Each RT reaction was diluted to a total volume of 200 l, and 5 l was used for each PCR.
To avoid saturation of PCR, products were taken after various cycles (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) and analyzed by gel electrophoresis. One microgram of total RNA from adult wildtype and XX Y‫ء‬ testes was used for reverse transcription. Controls without reverse transcriptase were negative (data not shown). The following gene-specific primers were used: Actb, AGAAGAGCTATGAGCTGCCT and TCATCGTACT CCTGCTTGCT; Fscn1, ACCGATCAGGAGACCTTCCA and GAGTCTTTGA TGTTGTAGGCG; 4732473B16Rik, TGAGCTGGCCACAGGTGAA and ACTT TGACCAGCTTCTGCAC; Cpa6, GAACCAGAAGTGAAGGCTGT and CTTT AGCAGGTGCATTGTGAT; Adc, GGGGTCTTCAACTCAGTCCT and ACAA GGTGTCTGTGATCTCC; D1Ertd622e, AACTTGCACAGTGACATCATC and AGTCCCGTGTCCAGCTGTTT; and Sfmbt2, GACGGATGTGGTACGATTCA and GTGCTCCTTCCGTGTGCTTT. Primers for Pgk2 and Prm1 have been described previously (43) .
Microarray data accession number. Microarray tabular data have been deposited in the Gene Expression Omnibus database under accession no. GSE5510.
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RESULTS
Taf7l is the ancestral gene of Taf7 and has evolved to be testis specific. While the Taf7l coding region is interrupted by 12 introns, the Taf7 coding region completely lacks introns (Fig. 1A) . This suggests that Taf7l is the ancestral gene and that Taf7 is a retroposed paralogue of Taf7l. Interestingly, the Slc25a2 gene, adjacent to Taf7, is also a retroposed gene (of Slc25a) (7). These two functional retroposed genes are located between the protocadherin alpha and beta gene clusters on mouse chromosome 18 and human chromosome 5. Thus, the Taf7-Slc25a2 retroposition occurred prior to the radiation of eutherians (at least 80 million years ago). One intron is present in the 5Ј untranslated region of the mouse Taf7 gene (Fig. 1A) . However, the Taf7 orthologue in human and rat does not appear to have an intron. The most parsimonious explanation is that the acquisition of the single intron by Taf7 is specific to the mouse lineage.
We then examined the expression of Taf7 and Taf7l by Western blot analysis. While the TAF7 protein was present in all tissues examined at various abundances, TAF7L was testis specific (Fig. 1B) . These data are in agreement with those of previous studies (30, 39, 45) . There exist a number of precedents in which widely expressed intron-bearing ancestral genes gave rise to tissue-specific retroposed genes, particularly testisspecific genes (38) . However, it is highly unusual for an ancestral gene such as Taf7l, initially widely expressed, to evolve tissue specificity.
Inactivation of the Taf7l gene. To elucidate the role of Taf7l in spermatogenesis, we generated a floxed Taf7l conditional allele (Taf7l flox ) in mice ( Fig. 2A) Ϫ/Ϫ females were fertile and the litter sizes were similar to that of wild-type controls. We backcrossed this knockout allele to C57BL/6 and 129 backgrounds (at least five backcrosses). All subsequent analyses were performed on both C57BL/6 and 129 mice, and no difference was observed. Western blot analysis showed that the TAF7L protein is absent in Taf7l Ϫ/Y testes (Fig. 2C) . In contrast, the abundance of TAF7 is not affected in Taf7l Ϫ/Y testes.
Expression of TFIID components in Taf7l
؊/Y testes. Two independent nuclear extracts made from wild-type or mutant testes were analyzed for the expression of TFIID components (Fig. 3) . Our results showed that no significant change in expression of TBP or the other TAFs (TAF5 and TAF6) was observed in Taf7l Ϫ/Y testes (Fig. 3A) . Nuclear extracts were immunoprecipitated with antibodies against TBP. As expected, TAF7L was coimmunoprecipitated with TBP from wild-type but not Taf7l Ϫ/Y testes (Fig. 3B) . As previously described, little TAF7 was precipitated with TBP in the wild type, whereas a significantly larger amount was found in the immunoprecipitated fraction from Taf7l Ϫ/Y testes ( Fig. 3B) (30) . These results suggest that there is competition between TAF7 and TAF7L for integration into TFIID so that in the presence of TAF7L, TAF7 is excluded, whereas in its absence, TAF7 can more readily associate with TBP. However, TAF7 did not appear to be upregulated in Taf7l-deficient spermatids (see Fig. S1 in the supplemental material).
Reduced sperm production and fertility in Taf7l (Fig. 2D) ; such vacuoles were rarely present in aged wild-type testes. Interestingly, the weights of testes from 8-week-old Taf7l Ϫ/Y mice were 10% less than those of wild-type males (P Ͻ 0.0039). The sperm counts of Taf7l Ϫ/Y mice were reduced by Ͼ50% (P Ͻ 0.0007) ( Table 1) . 
Structural defects and impaired motility in sperm from

Taf7l
؊/Y mice. During the sperm count analysis, we observed that a high percentage of sperm tails from Taf7l Ϫ/Y mice were folded (Fig. 4) . Sperm tails were frequently bent by 180°within the middle piece (Fig. 4B) or at the junction between the middle and principal pieces (Fig. 4D) . Sharp angulation of sperm tails also occurred at the junction of the middle and principal pieces (Fig. 4C) . Overall, 46% of Taf7l Ϫ/Y sperm tails were folded or angulated, compared with 5.8% in the wild type (Fig. 4E) .
We further examined the sperm tail defects by electron microscopy (Fig. 5) . When the sperm head was folded back on the middle piece, the cytoplasmic membrane appeared to be retracted from the region of folding and thus extended continuously from the apex of the sperm head onto the middle piece (Fig. 5B) . We confirmed that a high percentage of sperm tails folded around the annulus (the junction of the middle and principal pieces) (Fig. 5C) .
We analyzed sperm motility by computer-assisted sperm analysis under both noncapacitating and capacitating conditions. The percentage of motile sperm was significantly reduced in Taf7l Ϫ/Y mice in comparison with that in the wild type (Table 2) . Consistently, the values of three velocity parameters (VAP, VSL, and VCL) were significantly lower for Taf7l Ϫ/Y mice. However, the BCF of Taf7l mutant sperm was significantly higher, which is consistent with the observation that sperm with folded tails beat more rapidly but fail to generate forward motion. Surprisingly, the motility of mutant sperm was further reduced from 56.3% to 45.5% upon capacitation (Table 2) .
Altered gene expression in Taf7l
؊/Y testes. To identify genes with altered expression in Taf7l Ϫ/Y testes systematically, we performed transcript profiling of testes from 8-week-old mice using Affymetrix Mouse Genome 430 2.0 GeneChips, representing more than 39,000 transcripts. With an expression cutoff of twofold change or greater, our microarray analysis identified 16 genes that were downregulated in Taf7l Ϫ/Y testes. Quantitative PCR analysis validated the downregulation of six genes (out of 16) in Taf7l Ϫ/Y testes, including four genes with known functions or motifs (Cpa6, 2.7-fold; Adc, 2.4-fold; Sfmbt2, 2.3-fold; and Fscn1, 3.4-fold) and two genes of unknown function (Table 3 ). CPA6 and ADC are metabolic enzymes. SFMBT2 (sex comb-like with four mbt domains 2) is a PcG protein and thus a putative transcription factor. Interestingly, FSCN1 is a widely expressed actin-bundling protein involved in cell motility (1). FSCN3, a testis-specific paralogue of FSCN1, localizes specifically to the elongating We then examined the expression of these six genes during spermatogenesis (Table 3 ). Even though they were all expressed in spermatids, the expression profiles of these genes during spermatogenesis were quite diverse (Fig. 6) . Interestingly, Cpa6 was specifically expressed in round spermatids. The expression level of Adc was relatively low in spermatogonia and early spermatocytes but increased in pachytene spermatocytes and peaked in round spermatids. The transcript level of 4732473B16Rik was highest in early spermatocytes. Fscn1, Sfmbt2, and D1Ertd622e appeared to be expressed throughout spermatogenesis. We then asked whether these genes are germ cell specific by examining their expression in wild-type and germ cell-deficient (XX Y‫ء‬ ) testes (21) . This analysis showed that two genes (4732473B16Rik and Cpa6) were germ cell specific, three genes (Fscn1, Adc, and D1Ertd622e) were expressed in germ cells at a higher level than in somatic cells of testes, and Sfmbt2 was expressed at similar levels between germ cells and somatic cells in the testis (Fig. 6 ).
DISCUSSION
Although Taf7l is testis specific, it appears to be the ancestral gene from which Taf7 originated by retroposition. A number of known retrogenes are derived from generally expressed X-linked ancestral genes, and most of these retrogenes are testis specific (22, 38) . Therefore, the evolution of Taf7 as a retrogene is an exception in that it is widely expressed. One possibility is that Taf7l was initially widely expressed (as the ancestral housekeeping gene). When Taf7 was produced by retroposition during evolution and was widely expressed in somatic tissues, Taf7l evolved to be specialized in the testis with no selection pressure from the soma. This explanation is further supported by the presence of only one Taf7 homologue in the chicken (Gallus gallus) genome. The chicken Taf7 gene, comprising 11 introns, is present on the region of chromosome 4 that is syntenic with the Taf7l-containing region of the mammalian X chromosome, indicating that the chicken Taf7 gene is orthologous to the mammalian Taf7l gene. Strikingly, the only other two X-linked TAF genes (TAF1 and TAF9B) in mammals both have autosomal homologues (TAF1L and TAF9) (15, 40) . Interestingly, the TAF1L gene is testis specific, arose by retroposition relatively recently in the old-world monkey lineage, including humans, and can functionally substitute the somatic TAF1 (40) . These studies point to the unique selection pressure on X-linked TAFs and the continuous creation of testis-specific TAFs during evolution.
Recent studies support the notion that special transcription mechanisms operate in germ cells (23, 33) . Apart from the presence of testis-specific TAFs, TRF2/TLF is a testis-specific paralogue of TBP. Disruption of Trf2 in mice causes spermiogenic arrest and thus male sterility (28, 44) . In comparison, the loss of TAF7L results in reduced fertility but not sterility. Although TAF7L is missing from TFIID, only a small number of genes are affected. The relatively mild phenotypes caused by the loss of TAF7L are surprising. However, the enhanced reproductive fitness (increased sperm count, increased sperm motility, and increased litter size) conferred by Taf7l in one generation has probably had dramatic cumulative effects on an evolutionary time scale.
The transcript levels of six genes are reduced in Taf7l whole testes. However, the altered transcript levels of these six genes might be implicated in the sperm defects (amount, morphology, and motility) in Taf7l Ϫ/Y mice. The most strongly downregulated gene is Fscn1 (Table 3) . FSCN1 is a filamentous actin (F actin)-bundling protein involved in cytoplasmic protrusion and cell motility (1) . In mammalian spermatozoa, actin filaments are found primarily in the subacrosomal space along the nucleus (37) . The actin cytoskeleton undergoes dynamic changes in sperm capacitation and the acrosome reaction (5) . Globular actin polymerizes to form F actin during capacitation. Prior to the acrosome reaction, F actin undergoes depolymerization. Actin is also detected in the outer dense fibers of the sperm tail, suggesting that actin may regulate sperm motility (3, 13, 29) . We postulate that altered expression of Fscn1 contributes to reduced sperm motility and folding of sperm tails in Taf7l Ϫ/Y testes. In addition, mutant sperm motility is further reduced upon capacitation ( Table 2 ). These results suggest that bundling of F actin is important for the regulation of sperm motility and capacitation. However, the mechanism underlying FSCN1 function in spermatozoa remains to be determined. In addition, the expression of two metabolic enzymes (CPA6 and ADC) in spermatids might also be related to sperm function (Fig. 6) .
In Drosophila, testis-specific TAFs oppose transcriptional repression mediated by PcG proteins, and both groups of proteins localize to the nucleolus in spermatocytes (8) . Interestingly, Sfmbt2 encodes a PcG protein of unknown function and is downregulated in Taf7l Ϫ/Y testes. In addition to nuclear localization in pachytene spermatocytes and round spermatids, TAF7L localizes to specific chromatin domains in meiotically dividing spermatocytes (30) . These results suggest that cross talk between testis-specific TAFs and PcG proteins in the regulation of gene-selective transcription in male germ cell differentiation might be conserved between Drosophila species and mice.
Here, we show that targeted disruption of Taf7l in mice results in reduced sperm count and motility. Taf7l is an Xlinked, single-copy testis-specific gene in both mice and humans (39) . Thus, the human TAF7L gene may also play an important role in spermatogenesis. Because of the hemizygous state of the X chromosome in men, mutations in TAF7L might cause oligozoospermia (reduced sperm count) in humans.
